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ASSSBACf 


SSiia experiment alas at studying His anisotropy of tbs slowing-dosm 
distribution arising from a Pu-Se nsutroa souros in an Al-HgO slab lattice 
composed of 3*175 mas thick Al-plates and 10*00 mm thick HgO-layer law* 
between. a measure of tbs maximum anisotropy of tbs alow log-down distribution 
is expected to he given by the differs nee between tb® neutron age® in Hie two 
extreme directions , one parallel to the A1 -plates, and the other perpendicular 
to the Al-platee. Since these two directions are the extremes of all possible 
directions. Hie neutron age in any other direction lies between these two age 
values. 

In order to do this, the neutron agee from the Pu-Be spectrum to Hi® 
In-resonenee, both in the parallel and perpendicular directions, are measured 
by the foil activation technique* She flux perturbation due to the lntroductio 
of a different material in the lattice le minimised by using a minimum of Hie 
structural material used to hold Hie source and to suspend the foils. Approxim 
corrections are applied to the measured activities to correct them for the high 
energy estivation and the finite siaes of the source and the foil, finally, 
the statistical errors in the two age values dim to statistical errors In the 
measured activities are calculated. 

She neutron agee In Has parallel and perpendicular directions are 
found to be 7S.33 % 0.444 on 2 and 7131 t 0370 on 2 respectively. Shat 
the age in the parallel direction is greater than the age in the perpendicular 
direction le explained qualitatively on the basic of the comparative values 
Of the age -eve rage scattering cross-sections (a concept developed in this 
work) of A1 and g^G. 


CHAPTER t 


immm’am 

1*1 fho Problem wad its purpose t 

ISutrom ®g® is an import eat parameter whose square-root gives 
a nesaure of the alow lag-down length from a higher energy to a lower 
one in a moderating medium. Actually, the age of neutrons in a moderating 
medium is defined aa one -sixth the average equate dietanee a neutron 
travels during slowing down from a higher energy to a loser case, fhe 
importance of age basically comes out of ths fact that the fast neutron 
nonlsakage probability for a finite reactor depends upon this parameter* 
Other parameters remaining constant, ths fast nonlsakage probability 
decreases as the neutron age increases. 

A series cf age measurements in different moderating media such 
as light enter, Aluminitse-water slab lattice. Paraffin, ate. are proposed 
to be performed in the luolear Engineering laboratory. Boeontly ths ago 
of Plutonium-Bexylliua soureo neutrons to Xndinm-rosonaneo in light eater 
has been m e asur e d by foil activation technique 1 *, the present experiment 
aims at studying the anisotropy of alowiag-down distribution, parallel 
and psxpandioular to aiuniniua plates, in an Aleniainm-wator slab lattiao 
oriaing from a point neutron oouroe* ^ ^ fhe neutron ages treat plutonium- 
XoryUien souroa opootrem to Xadiun-roooaaaea, «s« asasurod by toil 
estivation technique, both in the parallel and perpendicular directions* . 
too difference between ths two age values is sxpsotsd to five a measure 
Of ths anisotropy of tho elowiisg-dowa distributions in ths two dlreetio*** 



Sine* these tiro directions are the extremes of *11 possible directions, 
Hm neutron ago In any other direction lies between these two age value® 
awl the difference between these two values is * measure of the maximum 
anisotropy in the system. 

She purpose of the problem lies in the fact that in certain 
water-moderated reactors, fuel elements in the feast of plates containing 
cooperatively snail fractions of the fissile isotope in a matrix mainly 
composed of Aluminium, have been used. Since the fissile isotope forms 
a small fraction of the plate , is costly and difficult to obtain, awl 
gives rise to many technical difficulties, the measured values art 
taken as reliable approximations to the actual values in such lattices. 

1.2 Style* of literature t 

Both experimental and theoretical values of neutron age from 
fission and other source# to Indium-resonance in pure water and in 
glucinium-water mixtures are available, fable (1) is a list of almost 
all neutron ego determination® in pure water and in AluminiaB-water * ' 
mixtures published from 1961 to 196$. In general, the experimental 
values are higher than the theoretical values, this disagreement ham 
been well understood in eaoe of the fission neutron age in water* 

Barry Alter has mad* Boats Carlo calculations for the ago of fission 
neutrons in water including inelastic scattering sat anisotropic 
clastic scattering effects, using different fission spectra asi 
different sets of Oxygen cross-see tion and angular distribution tats, 
fiao calculated slewingHlcwB age* sftsr applying suitable corrections 
compare wall with tho experimental flux ageo. 



J 

J4U Coop**- 2 tee «de teste carl© ©aleal8ti©» for -fee age 
of 1HI neutrons in water ualng different duet else® for tee deuterea 
teem ate too different deuteroa energies. ffe© computed value# oospore 
well with experimental result®, 

4ft 

pernor ate milirnmm tew aeiuwred f Is® Ion matron. age 
la aa Aluniteua-water mixture of Al/fegO * 2/5 using two teietaeoees 
for Al-platee» 0.1 late ate 0.5 iate» ate observed m effeet of 
taterog$^©± , tye 

F.f. palmed© 11 tea »®»ured fission neutron ege in I teial te 
water plate lattices bote la tee parallel ate perpendicular direettea®* 
folaede 12 tea aloo made Hoate Carlo ealeulatloiis far tea owe la a«®r 
lattices. la general tee experimental wines are higher teaa teo 
oaloulated values . At a givea Al/fe^ ratio tee ago perpendicular to 
plates iasreases relatively slowly wite plate Vkldtsm. ftie age 
pespeteleular to plates requires a relatively aaall eorrsetion la order 
to reduoo It to tee corresponding homogeneous value whexeae tee age 
parallel to plate© require® a oorreetioa of - 5.6Jf. flflte aaiteirew 
also goes oa laaMMlag wite plate thisknese. 

9io aaieotxopy of tee eloolsg-dooa distribution of PaHBe op 
axy eteer matron mum tee set beoa oteAlsi la JUMRgi «* teg ottev 
plate lattiee. 

1,9 irrote ete Mf fitelttef to tee Hwariasil * 

la tela wotec tee foil activation toebtetue is need* tee 
atalyeie of Obioli to glvea la teo next chapter. the dlffioultleo aaft 
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source® of error associated with the experiment are due to finite sloes 
of the neutron source and the activation foil. In practice the foil 
Sennet be just an Meal point-foil* Since the age value is nor® 
ssnsltive to the activities measured at larger die tames from tbs sours# 
sfasx* the activities are comparatively small and hence statistical errors 
large, Hie neutron eouree should be sufficiently strong for tbs statistical 
error in the final age value to be smaller than a certain maximum, She 
counts observed from foils at larger die tames from the neutron source 
are required to be sufficiently large. In order to correct for finite 
sises of source and foil* approximate corrections are required. Another 
difficulty is that s erne structural material other than the moderating 
medium are required and this difficulty can be overcome fcy using a 
Mini , mum of such material, and by choosing the structural material. shicSi 
has sloving-down properties similar to those of the moderating medium, 
finally, a suitably finite moderating medium has to be used as s 
reliable representation of Hie theoretical Infinite medium. 
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CHAPTER II 


A® MEASUMEST TECHNIQUE 

2.1 Definition of Neutron Age t 

The neutron age from an eoeigjr E Q , well above the thermal region, 
to a lower energy E in the slowing-down region, in a non-absorbing 
moderating medium is defined as one -sixth of the average of the square 
of the crow-flight distance that a neutron emitted by a point isotropic 
steady monoenergetio source of energy E Q travels in an infinite bulk of 
the moderating medium from the source to the point where it slows down 
past the energy E. 

let r * the radial or crow-flight distance from the source to a point 
in the moderating medium, 

p(r)dr m the differential probability that a neutron emitted by the 
source slows down past the energy £ between the radial 
distances, r and. r ♦ dr, 

q(r,l) m the slowing-down density at any radial distance r from the 
source past tbs energy E, that is, the number of neutrons per 
unit volume at any radial distance r from the source slowing 
down past the energy S per unit time, 
and 8 * tbs strength cf the source, that is, the number of neutrons 

emitted per unit time by the source . 

Then the number cf neutrons slowing down per unit time past the energy 1 
in the differential spherical shell of in-radiue r and ex-radiue r+dr 
m the volume of the shell l£ the slowing-down density at 



distance r from th® source past tbs energy 1 


» 4 7T r 2 q { r, 1 ) dr 

His differential probability p(r) dr that a mutmn emitted by the 
•farce sloes down past the energy B between tbs radial distances 
r sad r ♦ dr 

the number of neutron® slowing down per unit tine past tbs 
energy £ in the differential spherical shell of ln-rsdius 
r and sx-rediue r ♦ dr 

m — — — - — • “ — 

tbs total number of wntrom oeltted per unit tine 

end heme p(r)dr can be expressed in tense of slowing-doen density 


£<»)** 


47T r 2 t(r v l}dr 

| 


Sit matron age fron an energy £ 0 to a lower 

anew £• 

'am mar V 

and then it follows from the definition of the matron age given 


mutes that 


fOO 


Tfr 0 — * t) • ^1 


f 

r p 



fsiag the equation (8) in oxdor to express the matron age in taraa 
af elowiag-down density, the equation (5) can be written aa 


'T’(g 0 «'— i) * 


rOO 

r 4 q(rt>)dr 

- o 
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Since the medium 1 b infinite, no neutron emitted by the source oea 
leak out of the moderating medium and since the medium la aon-absorMng, 
the total number of neutrons slowing down per unit time past the energy 
2 throughout the moderating medium, at steady state, must equal the 
total number of neutrons emitted per unit time by the source, and fcenoe 
the strength S of the source can be expressed in terms of the slowing* 
down density as 


S * the volume integral of slowirg-down density past the 
energy E over the entire space 
fOO 2 

or, S m | q(r,l) 4 7T r dr (5) 

Jo 


Using the equation (5) in order to eliminate the soiree strength 8 
from the expression for 'hut neutron age, the equation (4) can be 


written as 


l) ■ 1/4 


P 


r 4 q(r,B)dr 


fW 

* 

J© 


r q(r,s)dr 



She equation (•) defines the neutron age from a monoenesgetio souroe 
of energy b to a loner energy B in tens of the slowing-down denelty 
pant the energy l and feme the tests of other expressions for neutron 
eg* which are derived below end are baste to the age measurement technique* 



2*2 Beutron Ms fm on Bnengy-dlstrlbutsd Source § 


Sim# Plutonium-Beryllium mutton source emits neutrons of oil 
energies with a continuous energy-spectrum* in this article the meaning 
Of the neutron age measured from the source spectrum to e final energy 
Bj, in the slowing-down region i® developed* In this esse, the measured 
talus of the neutron age depends upon the energy-spectrum of the source 

Set s(E)ffi ■ the differential number of neutrons emitted per unit 
tins by the source in the energy-intervel dl between 
the energies E end E+dl, 

*{r»E — ► S f )m the slowing-down density, that ie, the number of 

neutrons slowing down per unit rolme per unit time 
poet the energy 1^ erieing from e unit point ieotzopio 
otoedy aonoenexgetlo neutron source of energy * put 
in on infinite non-®h®orhiag moderating nodiun, at a 
redial diotonoo r from the source. 


and 4 (r,B f ) * tho total slowing-dowa density, that is, the total 
amber of neutrons slowing down per unit Tdime per 
unit tine poet the energy at a redial diatsaaoo r 
erieing from neutron® of ell energies shore Bg omitted 
by the emxgy distributed mures* 

fhen the total slo«i%-down density g(ryB^) ean be expressed In term 
of the slowing -down kernel q(r^f—>* l f ) aa 


*(*»*#) 

m ■ 



S(B)*(r,E-*» B f )dl 


She average neutron age from *810 source-spectrum iso tie emqgr fcg 
can be found fcy inserting from Hie equation (f) late Hi* 

equation (6), and Hsu® Hie average neutron age to Hie energy B f Is 
©pressed as 


TGU - t/g 


roo 

0 


fOO 


«- 


r* S (l )q{r,l—> B f )dEdr 


roo roo 

J 0 J B,. 


rS(l)i{r,!-» B,)dEdr 


Sine* Hie moderating medium is infinite and non-abeofblng t ®®d He* 
slowing -down kernel q(r»B— «► B f ) is the slo*ing-do*n density arising 
from a unit point ieotnopie steady aonosnergetie neutron source 9 Hj© 
volume integral of q(r,E—** B f ) over entire space must be equal to 
unity due to reasons given in article 2.1 and thus 

00 

4 7T**q (***—► l*)dr • 1 

Jo 

Using the equation (4) the neutron age from an energy 1 to tho 
onexgy oan bo espresaed in terns of the alowlng-down kernel 
q(r,B-^ * f ) an 

fW * 

j *%(r**-+- l f )tr 
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Sling the equation ( 9 ) Hm denominator of the expression for the neutron 
age Aeon am energy B to the energy E f earn be simplified and Hm 
equation (10) earn be written aa 


Mfff [00 M 

Sf) » ff’j A(r»l*^ B f )dr 


(H) 


low using ft® equation (9) Hie denominator of Hie equation (8) earn be 
simplified and Hie equation (@) earn tie written as 



Being the equation (11) Hie numerator of Hie equation (12) man tie 
expressed in tans* of TC*— » f )» Hie neutron age from an energy 8 
to Hm energy I f , ami the equation (12) oan tie written aa 



ffca equation (15 ) relates Hie average neutron age from am eaergy-distsi^ited 
source to Hm asutrom sges from monoenergetio source®, and states that 
Hm experimentally msasured neutron age from an e»rgy-speotrw to tba 
energy Bg is Dm a psotrw - wi iifatsd average of' the neutron ages from 
nonosnsrgetle souross to Hm energy over that part of Hm energy* 
spectrum which in above Xg* 
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2.3 fhs you Activation technique i 

la an experiment on neutron eg® measurement, Hie basic quantity 
to be measured is Hie neutron slowing -down density at certain points 
in an infinite (as far as practicable) non-absorbing bulk of Hie 
noderating medium, with a point (as far m practicable) laetropie 
steady neutron source put at a central location inside the system. 

In the foil activation technique , a foil of a suitable isotope which 
has a very high and narrow matron absorption resonance at the energy 
to which Hie neutron age is to be measured, is kept at a certain point 
where the neutron slowlmg-down density is to be measured , for a period 
of tine laxgp enough for Hie foil to become almost fully saturated# 

Sines at the saturation the activity of Hie foil, that is, the 
rate of decay of Hie product nuclei, must be balanced by the sate at 
which they are produced by neutron irradiation, Hue saturation activity 
of the foil is related to Hie energy-dependent neutron fin* a# 

fOQ 

4* (r) - T I 0 (*#*) £ a (®)dl» 0*) 

where T * Ha® volume of Hot activation foil, 

0(r,B) ' m the energy-dependent neutron flux, that is, the 'total 

track-length of all matrons in * unit volume at a radial 
distance r from the souroe per unit tine per unit energy 

interval taken at an energy 1, 

. ** 

.and Z. a ( E V ttl o energy-dependent macroscopic absorption cross-section 
of the isotope of which the activation foil la made* 



la order to be exact the integral on Hm bI&b q£ lb# 

equation (14) has to be evaluated over the entire emrgy-epeetrua, 
that is, from sex o energy to Infinite energy. But the approximate 
relation which forms the basis of the foil activation technique is 
readily obtained froa the equation (14) in the light of the following 
three toots *- 

(1) fhe isotope, of which toe activation foil ia made has ft 
very high neutron absorption resonance at toe energy to which the 
neutron age ia to be measured and hence almost all the activity of 
toe foil ia due to the absorption of resonance neutrons. 

(2) fhe activity due to the absorption of thermal neutrons 
(for which toe absorption cross-section of the isotope of which toe 
activation foil ic made ia large enough to introduce a considerable 
error) ic eliminated by putting toe activation foila in covers made 
cf Cadmium which has very high neutron absorption cross-sections ia 
toe thermal region and absorbs practically all toe thermal neutrons. 

0) She neutron absorption cross-section of toe isotope cf 

Ufotftll DMI WttWlESMk fcll 1m MM& 0$ iM HIM Btt&tgy fig ± 013 . m 

ccmparatively smell end an approximate correction for eliminating 
toe activity induced by neutrons of high energy ic applied to toe 
measured activity. 

fa vfew tor these facts it is a vroy good approximation to 
asanas that practically all toe activity ef toe toil to induced by 



99m neutrons of memme energy end the equation (14) can be 
approximated as 

M* 5 * T J 0(r,B) J fls)dl (B) 

nee 

Hae Integration on the rl#it ©id® of the elation (15) ie assumed 
to be serried out only over the resonance region. Sine® the resonance 
of the isotope of which the activation foil is node, is very narrows 
It is a reasonable approximation that the energy-dependent neutron 
flux IOm) roaaine praetleally constant over the range of integration 
and heme tho aquation (15) can be opproxlsated ae 

* t ^(*»®roo5 ^ ^j^(8)dB y (H) 

« the resonance energy ©f the isotope of which the 
activation foil is node* 

flw integral on the right side of tho aquation (li) is a 
constant depending only upon the isotope of which tho activation 
fail is nods* She foils used la an aotivation experiment are all 
prootlsslly idontieal la afcapo y also and oonpoeition and tbs wolune 
of an aettwtha foil V is a constant of ths experlaant soil fasnso 
tbs aquation (16) states that 

\(*) (tt) 

9m tbs. fsmi Age theory' gives the following relation between 


\<r) 

uhoro > 

♦vO 



IS 


tbs Matron slowtqg~du*n density and tbs energy-dependent neutron 


#(*&) 


-JtfeaSL 

■T2s.fr> 


( 16 ) 


Mart ^ » tbs average logarithmic energy decrement of a neutron per 

collision with tbs nuclei of tbs moderating medine surroraSiisg 
lbs activation foil* 


**&lE m &b*»* energy-dependent e&croecopic scattering oxcee-eection 
of lbs moderating nediua surrounding tbs activation foil* 

Tutting in tbs value of J0(r*E) in tews of 'Sis sloulng-down 
density t(r^E) froa tbs equation (18) into tbs equation (15)* Sis 
saturation activity can be expressed in terns of tbs slowing-dcstn 
density ss 


f «(r*s) 

* T *.«■ 

Since tbs resonance region is very narrow coopered to lbs 
®loiriQ g*4o TO T^ g lgm f it is % mammal# 1 itufct tM 

ww miMiitgr |(?|i /* in i©|p2?lTOm® #n®tgy MWiimCT pw 

collision I" 9 and tbs energy-dependent aeeroscopio seattoring SSMSS# 
section of tbs federating sodium £ (t) remain oonstant over tbs 

I'M®® ®x . 3o$wgra%0B$ tm mum to® @|nim \13J/ m spproxiMiwi 



T t(r, »„,) 

? X«^*rw) 




17 


The integral on the right aide of the equation ( 20 ) is a constant 
depending upon the isotope of which the activation foil is node* Since 
the foils used in an activation experiment are all practically identical 
in shape | sise and composition, the volume of the activation foil 7 is 
a constant of tha experiment* The average logarithmic energy decrement 
per oolliaion i? , and the resonance macroscopic scattering cross-section 
^•m^rea^ °* “^derating mediim surrounding the foil are eonatant 
throughout the experiment since all the activation foils are iaasreed 
in the same moderating medium, end hence the equation (20) states that 

*,W t^,) (tl) 

the aquations (17) and (21 ) can be combined together to give 

0 (*& w ) *,(*) <* t(r^ W8 ) (22) 

Since, in general, at any point in a moderating medium the neutron 
flux is net isotropic sad also the foils used in an motivation experiment 
mi mu jjr away tfaJLdfe f botti sM@i of so aotiT&tion foil aro 710 % 

activated equally, Bach side is activated almost by the flux of only 
these neutrons which have a velocity component directed into the fbil 
from that aide, The sum of these tee side-fluxes at ary point, one 
constituted by only these neutrons which have a velocity component 
directed into the activation foil from one aide anft the ether constituted 
by only those neutrons which have a velocity component directed into 
the foil from the other aide of the foil, is the total neutron flux 
at that point* Thus the saturation activities of both the sides of 
an activation fell, in general, are not equal and they are each proportional 



to their respective side-fluxes. She sum of the saturation activities 
of both the sides of an activation foil gives a number proportional 
to the total neutron flux or the slowing-dowa density at the location 
of 'fee foil. Using fee subscripts 1 and 2 to refer to the too sides 
of an activation foil, fee equation (22) can be modified to tales fee 
above feet into account as 

A. t (r)oA #2 <r5 ©< («*) 

She equation (23) states feat the total saturation activity of 
on ootivation foil is directly proportional to fee neutron flux or fee 
slowing -down density at fee location of fee foil and is basic to fee 
foil activation technique. 

Using fee equation (23) in order to express fee neutron age 
in terms of the total saturation activity ^(r), fee equation (6) con 
be written as 



where *,(*) - fee tetel saturation activity of fee ootivation foil kept 
at a redial distance r froa fee neutron source. , 

•** A*(») * 

fee equation (a*) expresses the neutron oge in terms of th* 
total saturation activity end is used in fee calculation of fee neutron 
Oge in n foil ootivatioa experiment. 



ZA Activation Analysis * 


In a foil activation experiment for neutron age measurement, the 
basic quantity measured la the total saturation activity of a foil 
kept at a certain point in the moderating medium, for a period of time 
large enough for the foil to become almost fully saturated, file 
saturation activity of each ©Me of an activation foil is calculated 
from the total number of counts of the particles emitted from that 
side in a certain period of time during th» radioactive decay ©f the 
product nuclei formed due to neutron irradiation. In this article 
an expression is developed for the saturation activity of a certain 
side of an activation foil kept at a certain point in the moderating 
medium in terms of the total number of counts obtained from a counter 
in a certain interval of time . 

Analysis Burins: Irradiation 

Set f(t) » the number of product nuclei at any time t after the 
foil was put into the moderating medium# 
ami ^ m the decay constant of the product isotope. 

Bis rate of inoreeme of the number of the product nuclei 

m the sate of their production due to neutron ir radiation 
• the rate of their radioactive decay. 

She rate of preduotien #«* to neutron irradiation la equal to tho 
saturation activity, thot to, tho rmto of rmdioootive doooy of tho 
product nuclei at saturation, because at saturation thore is sot 19 
on equilibrium between Hie rate of radioactive decay and the rate of 
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production Am to neutron Irradiation of tits product nuclei, and hmm 
the kinetics of tbs number of tits product nuclei during irradiation 
is governed by tbs equation 

ff - a b - x i <t§) 

HliS initial condition to the equation (26) is obtained from the 
fact that the number of the product nuclei at the Instant at which the 
foil is put into the moderating medium is mm and thus 

1 ( 0 ) » 0 ( 27 ) 

the system of equations (26) and (27) yields the solution 

A* • A # (i-*~ **) (as) 

mis left side Of me equation (28) is the nativity at any thus 
t after the foil is put into the moderating medium. She activity 
builds up exponentially end tends to xeaeh mo value A & asymptotically, 

Ja t© half-lives of ms product isotope, the activity attains more man 
S9.9J* of me veins of me saturation activity sad ths foil is supposed 
to here beoome almost fully saturated. 

Analysis am MS& **Mm 

Sit l(t) • ths number of product nuclei at any time i after the 
' foil Is taken out of the moderating medium* 

and M - the initial number of me product nuclei at saturation. 

W » 



it 

After tee tell is taken out* tee product isotope undergoes exponential 
radioactive decay sag the a rnber of tee product nuclei at say tine t 
is given lay tee equation 

V • I 0 e~ * * (if) 

tee amber of tee product me lei teat undergo radioactive 
decay in tee Interval of tine between tee instants t^ and t f 

* tee amber of tee product nuclei at tine t^ 

- tto anker of the product nuclei at tic t f 

. i a (SO) 

tet * tee counting efficiency of tee counter, teat is, tee amber 
of particles counted, on tee average, per particle edited 
by teat side of tee foil which le counted, 

0 m tee total amber of counts obtained in tee interval of tins 
between tee instant® t^ and t f , 

and S * tee background counts in an equal interval of tine* 

than tee equation (JO) can be written as 

0 - 9 m *»] ^(c* 9* *%) 011) 

fhe eatura tion activity of tec side of tes foil whist* is counted, «n 
be expressed in term of tee total oounte 0 sad tec background coast© S, 



using the equation ($1) us 


22 



X(c • t) 

’!<.■ •**!-.• •"t) 


(M) 


li si t » the counting tine (the cane tor each side), 

ani tj»tg * the Instants at attics the counting of the first and tha 
wtooS sides respectively, are started « 


Using the subscript® 1 am 2 to refer to the tw© sides of an activation 
foil, the saturation activities Of the first am the second, cldcs 'Of Ihe 
foil eon then be written as 



Combining the equations (S3), (33) am (34)* the total saturation 
activity can bo written as 



at to h Jf-i t iiii-Mir ‘A* 41 urtitifur ifit iil ifli nitiiiii iilfmi toiMi *1 A dSte irili iiiiti. Aiima Hi iflitrimi itfr a , stti tifin iffh -ttfe- HtTn.' rfliiAr irA^ 

ImW tiililiiSjr I 1® IwUlWUli® @0911131 

lis for msmtTmm fttsaiirOTSiiia *§i# fkmwuw ' 

X Jy® & ; up#n Hm ©jf is*© . 


activation foil ia made, the equation (3$) can he simplified to 


k <- 


( 0 , -*,) 


* *1 - x <*1 + t.) 


(0 a - « 2 ) 


A <v V 


She equation (36) gives a number proportional to the total 
saturation activity of the foil in terns of the directly observable 
quantities which ere Measured in a foil activation experiment for 
neutron age measurement* 

2*5 gcutron-Induoed Activities of Indian * 

In, order to measure the age of plutonitm^Bexylllnm neutrons 
to the indium resonance energy » activation folia mode of natural 
Indium containing 95*77$ of Xnftiua-115 and 4*23$ of Indium-1 13 are 
used in the experiment* Beth Indium-113 end Indium-115 get converted 
Into radioactive isotopes due to neutron irradiation* She neutron- 
induced reactions and the decay mode© of the produet isotopes are 
.given below * 

(1) in’ 113 * ♦ a 1 — > In 11 * 1 + m* i m 115 (etable) 

(i) in 115 ♦ a 1 —>• ln t14 ^-- - > S * 114 (etable) 
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Inftlum-1 15 Activities 

(4) la 115 ♦ a 1 — > In 11 * 1 ♦ a 1 | In 11 ^ X a 115 (stable) 

(5) la 115 la 116 -122 — > sa 116 (stable) 

(«) In 115 * »’ _* » 116 * -U5-*. sn "« ( aWbu) 

Siaee la a foil activation ®xperi*!3t on matron age to la&iu®- 
resonance the foils axe counted after waiting for a measured period of 
about 10 minutes, Idas activities (2) and (5) are almost fully eliminated 
due to their very short half-lives. Also the activity (2) is very small 
because of the small percentage of Indium-113 la the activation foil. 

Unis ao correction is applied to the measured activity in order to 
eliminate these two activities, she activities (l), (3) and (4) are 
mainly due to high energy neutrons for which the activation eross-seetlome 
are very small compared to the activation cross-section for the 54-raiaute 
mala activity (6) which le mainly due to resonance neutrons. She 
activities (1) and (3) are very small because of the small percentage 
ef In-113 in the activation foil, dime the foils are irradiated for 
about t hours (10 half-lives of the 34-erinute-eotivity ) , the 49~4ay- 
aativlty builds up ably to a very small fraction of ite saturation value, 
therefore, me correct Isa is applied to the measured activity in order to 
eliminate these high energy activities ( of eouree a correction la applied 
to the measured activity for eliminating that part of the 54-minute malm 
activity (6) which is duo 'high energy neutrons, in order to get the 
activity induced only by the a o utno m e of resonance energy ) and it is 



as 


assumed that almost all the counts obtained from an Indium-foil, 

10 minutes after it ia taken out of the moderating medium, i® due to 
54 -minute activity of In 116m decaying into Sn 1 ^ . Thus the value 
of the decay constant X in the equation (36) for calculating the 
saturation activity from the counts obtained, is calculated from 
this half-life. 



CHAH8B III 


BXPEHUIEHfAl 8BC-UP AID PM3CEDUEE 

3*1 Peacrlptlon of Jj few Set-op t 

In a neutron eg® determination experiment using foil activation 
technique the main equipments needed are a tank for containing the 
Moderating medium, the moderating material t an arrangement for Molding 
the neutron eouree in position, an arrangement for suspending the foil* 
and a beta-counting set-op. fhe detailed description of every equipment 
and the reason of its selection is given below. 

fhe Aluminium fame 

Iha moderating medium in which the neutron age was determined, 
that la, the Aluminium -water slab lattiee, was contained in an altMiniam 
tank of inside dimensions 120.3 cm a x 120.3 oas x 120*3 ems, mads of 
$.33 was thick plates. Aluminium was used mainly to overcome the troubles 
due to corrosion end the radioactivity that the tank might acquire 
due to long exposure to neutrone during the experiment. She contamination 
by dust, etc. of the moderating medium in the tank wae prevented bp 
covering the task with a pair of 122 erne x 91.3 cm® x 6.55 am® thick 
perspex sheets , One ef the sheets overlapped the other in the middle 
portion of tbs tep of the tank, and the sheets could easily be oeparwtMHt 
from each other Ip eliding them apart thus getting a straight opening 
In the middle sufficient for taking ont the fells, in ordsr to eleaa 
the small slits laft bp ths pampas afassts the tank nan farther covered 
bp a- polythene jacket. 



a? 



fhe teak contained a series of ninety 119*0 ess wide x 117*8 can 
high x 3*175 ns thick plates (shown is Figure l) of commercial Aluminium 
(99*7®£ pure by weight), all held parallel to one another at a gap of 
ease centimetre in-between, with the help of a pair of spacers (shows is 
Figure l) at the bottom and a pair of spacers at the top* fhe spacer® 
were node of 2.54 we x 2*54 oas x 3*175 sate thick aluminium angle by 
cutting one of the arras of the angle at a regular spacing of one eenti- 
setre. fhe masher of outs in a spacer ms equal to the rusher of tbo 
aluminium plates, and the mats were wade so wide that the plates were 
push-fit into me spacers* fhe central six aluminium plates each 
(shows is Figure 1) had a vertical rectangular out frm the top about 
ms vertical centre line* fhe cuts, $6*7 mm deep x 7*® ©as wide, is 
Ihs plates were designed to fora a central cavity lor aseesgaedating the 
neutron source container at a central location inside the sodexating 
medium* Zs order to have the . desired Aluminium-water slab lattice 
abort tbs neutron source container, a eliding piece of 3*175 was thick 
aluminium plats (Shows is Figure 1) wee fitted into the out of everyone 
of tbs cix sestrsl plates, tbs eliding piases were- Just as side k*a 
euts in the mistral aluminium plates as! scold fully, class the parties 
of tbs cuts above Ihs neutron enures container. Finally, four rows, 
two at the top cai two at the bottom, of oao eeatisetre long pieoas 
of alu si n ia s tube wore pushed % arte Ike gaps between the elusinius ; 
plates, is order to keep the plates parallel to one another all through 
at the desired spacing of one eentimetre* 
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vura 

In order to get the deeired AXualnim-water elab lattice, more 

then 1000 litres of par® light water was required to fill la the spaces 

between the aluminium plates, gap water had a conductivity of about 

1000 microahos/ca and so it required a considerable amount of jmrifl* 

14 

eatloa • sap water after distillation had a conductivity of about 
14 

20 micronhos/cn whereas the conductivity of the tap water was measured 
to be only about 0,2 aleromhos/cm after passing it -through a four-column 
I«A4t«0. domineraliser plant. Hence the demineralised tap water of 
conductivity 0,2 mieremhos/cm was used In the experiment • this water 
contained a total of only about 1*4 parts per million of dissolved solids* 
the deaineraliser plant consisted of an active carbon fitter, a cation 
mlmm 9 to toioxi oolmi ani & slxf^t qoIubui^ fml 

required a regeneration of the cation and the anion exchange oo Ivans 
after giving an output of about 1000 litres of pure traitor. In order to 
continuously check tbs purity of the demineralised water, -the output 
of the deminexaliser was passed through a eoniuotivitpmeter before It 
entered into the tank* 

She Hsutron Source 

A 5 -curie plutoniua-Seryllium neutron semree of the strength 
Of obout © a 10® neutrone/oee obtained from the Bhabha Atemie Peeewreh 
Ooutre, fromboy woo used in the experiment, the viuteninnHtefylllua 
intermetallle compound was covered from all aides ia a steel cylind r i cal 
cover 7.3 «m high and 5.3 eme in diameter. As the steel ©over haft no 
holding part attached to it, it was put in a rectangular source container 
(shown in figure 3) made of perspex, which was suspendsd by a steel wire* 





Plutonium-Beryllium neutron source is an eaeigy-dlstributed soure® 
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haring & characteristic emrgy-speetri® (shown ia figure 2) ranging 
tsm i roughly aero to about 10.6 K«T with an average neutron energy of 
stout 4.2 HOT 1 *. Since the half-life of Plutonium is 24 #300 years it 
1s sexy reasonable to east®® the source to remain steady during a 
few day® of an experiment for neutron age determination. 

the iotivatlon folia 

She activation folia used in the experiment were made of pure 
Indium containing 95.77# of lndium-115 and 4.25# of Indium-113, and 
were 12.7 was in diameter and 0.254 mm thick. In order to eliminate 
activities dus to thormal neutrons the foils wsre put in Cadmium-cover 
sets which absorbed almost all the incoming thermal neutrons. In order 
to suspend the foils at desired locations inside the moderating medium, 
the cadmium-covered Indium foils were put into foil holders (sheen in 
figure 3) which wets suspended from a foil suspension red (shown in 
figure 3) by nylon thread, the foil suspension red was a straight 
aluminium rod 130 ems long having flas diametrical holes at a distance 
of 13.175 mm ln-botweon. the rod could be simply supported, both in 
the parallel rat perpendicular directions, with its ends resting in 
grooves eat at the top of the sides of tbs tank* the rod scald hUA# 
in the grooves a few centimetres along its length and b* fined In a 
desired position with the help of a pair of sliding aluminlra rings 
having side screws, at the end© of the rod. 

the foil holders were made of Perspex In order to minimise the 
flux perturbation caused by introducing another material in tbs moderating 



medium* This flux perturbation is minimum it the difference between 
the nodezatlng ratios of the material introduced end the moderating 
medium displaced, is minimum. The moderating ratio of ferepex ie 
155*< and that of light water (the moderating medium displaced) la 
147*0, and hence the flux perturbation was negligible* 

the foil suspension rod was fixed in the position in which the 
central diametrical hole in the rod was vertically atone the middle 
point of toe gap between the central pair of aluminium plates, and the 


neutron source container was lowered down into the central cavity, with 
the help of the steel wire attached to the container and passing throw# 
Hie central diametrical hole in the rod. fh® foil holdere were suspended 
Into the gape between the aluminium plates through the other hole® 
in the rod (the hole® were vertically above the middle points of the 
gape), fh# foil holder# eeze kept in position ty email lead-weights 
suspended from the bottom of the foil holdere by nylon thread about 
36.8 oma long* fh# centres of the neutron source and the activation 
foils were all in a horisontal plane exactly *S«* one below me onto 
of the fell suspension red* the figure i ie e plan ear me setup 
showing me peeitlene of me neutron source and me foils. 




the 0eicev«ttllar counting setup whose schematic diagram in 
shown in me figure 4, wee used In the wperlnent* The pulses then m* 
OUt tube were first peessd the «aenahi*g wit. the undesirable p«l®so 
due to me electrons liberated from me eatbode of the mbs by me 










interaction of the positive ions end the unavoidable gmm reys produced 
in the tube during counting were quern bed in this unit* Hie output 
pule®® front Hie quenching unit were counted by the decode senior* fin 
eounting tins was set st 10 minutes with tint help of the preset timer* 

She CHS tube with the foil nek w m kept inside a lead-castle la order 
to reduce the background count rate of the counting ©ye tea. Hit flattest 
portion of the curve of the count rate* obtained due to an intense 
bctsHsouxce kept on the shelf no* 2 of the foil rack (the shelf no *2 
was used throughout the experiment) , against the high voltage applied 
to the 0-M tube, had a slope of about 4J$ of the count rate per 100-q©lt 
ef the high voltage, and this plateau wee obtained at a high voltage 
of 1500 ♦ 100 tbits, and hence the tube was operated at a high voltage 
Of 1500 texts obtained from a highly stabilised high voltage unit which 
was connected to the 220 tblts-oaina through a voltage stabiliser* 

3*2 Procedure of the Experiment » 

She foils were tied t© the foil suspension rod at on interval 
«f 2.135 was storting at a distance of 5*27 eas from th© ooatre of the 
neutron source, end first, measurement® wore node in the perpendicular 
direction* At a tin© only thro© foil© west lowered late the moderating 
nodiua in eider to hoop a atalmi distance ef If eaa betveea any pair, 
tf folia, whish ie required to ©Hamate th© shadowing offset ef one 
foil on eaothor* fh© tine ef putting Hu foil* m H*e aoderatiag aedim 
wee roughly noted, After about t hours ef irradiation (when the foils 
acquired nose than 99*9]t of their saturation activities) the foils were 
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trtwa oat of the stdlm one by one anfi counted. fhe instant at ^feich 
a fell was taken out was roughly noted, and a stopwatch was started 
exactly at that Instant, fen minutes after the foil was taken out, 
tha tetal number of counts from the first side of the foil in a counting 
tint of 10 minutes waa obtained with the CHi counting set-up. In a 
minute the aide of the foil was changed and the second side was counted, 
la this way, both tha Cadaiua-oovered Indium foils, and the Cadmium* 
and Indium-covered Indium foils at all the positions in the perpendicular 
direction were counted. Care was taken not to use a foil within about 
f hours after It waa taken out of -foe moderating medium, la order that 
Its activity night drop down to a negligible value (less than O.ljf of 
the saturation activity) • She background waa counted for 10 minutes 
(a period equal to the counting time of the foil) Just before counting 
tha first aide and just after counting the second aide of every foil* 

$t» experimental data for the perpendicular ease are given in fables (7) 
aaft (8). After this the foil suspension rod wee put parallel to the 
aluminium plates, sal the foils were suspended into the eaae (central) 
gap. the ease set® of reading® we're taken and the experimental data 
for tha parallel ease are given in fables (2) and (5)* 



CBAFTEB IT 


C1ICTOATI0I, mmw 8 Mb BISCUSSIOS 

4*1 Corrections -to tte Saturation Activities t 

Sting Hi* equation (34) His saturation activities st various 
distances from, the neutron source are calculates. While counting an 
activated foil, the Background counts add to the actual mater of counts 
of the foil and hones a correction is applied to Ht® total water of 
founts observed front the activated foil in coder to correct for this* 

Since Indira tea a finite activation cross-section for neutrons of 
energies higher than the resonance energy, a fraction of the catenation 
activity of a Cadnira-oovexod Indira foil, though snail, is induced by 
the high energy neutrons. Bence a correction lo applied to the cadnira- 
covered Indira foil activities in order to eliminate the high energy 
activity* la a foil activation esperissent for neutron sgs measurement, 
the neutron course and the activation foil arc both necessarily of finite 
elate, but the saturation activities required for the ealoulation of the 
neutron age arc those arising fnoa a point neutron source at specified 
points in the moderating nedira. Senes a correction io applied to the 
measured saturation activities in order to obtain the correct activities 
arising iron a point source nt opooifiod c |NidLate dll those o erections ; 
ore orplainod teles* 

Background Correction 

In order to oorneet for background, the ranter of background counts 




observed for ft period of tin© equal to the counting tin* of the folly 
3u»t before the fleet side of the foil is counted, i® subtracted fro® 
the total number of counts obtained fro® the first aide. In order to 
eorreet the total number of counts obtained from the second aide of the 
foil, the number of background counts observed for ft period of tine equal 
to the counting time of the folly Just after the second side of the foil 
le counted, le subtracted fro® It. 
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Correction for llgh-8ner«y Activation 

in order to eorreet for high-energy activation, a single cadmium** 
covered Indium foil sod a Cadmium-covered sandwich of three eimllar 
Indium folia are activated one after the other at the same point In the 
moderating medium, fh® saturation activity of a single Oadmiun-oevered 
Indium foil is duo to Matrons of both the resonance energy and th® 
higher energies. She neutrons of the thermal region are absorbed by 
the cadmium-cover itself* She saturation activity of tie interior 
Indium foil of the sandwich Is dus only to the hl#-emergy neutrons 
•lace the resonance neutrons art absorbed hr th# outer Indium foils 
of the sandwich, fhorefora, the saturation activity of the interior 
Indium foil of tee ooadwloh is subtree tod from the activity of the single 
Cadmium-covered Indium fitly as * the result is the saturation activity 
induced only the neutrons of the resonance energy, thus the equation 
for eorreetlmg for the high-energy activation is 

AgCnesonanes) » A # (oa-cevercd) - Ajcdeln-coverad) (57) 


m 


Correction for Finite Sizes of Source and foil 

She measured saturation activities, that is, the saturation 
activities corrected for background and high-energy activation, arc 

corrected for the finite sines of the neutron source and the activation 
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foil ky the approximate formula 

d{*) • j^Cr) -f H » (3®) 

*.» k . £-±4r — (39) 

A(r) m the saturation activity corrected for the finite slice 
of the source and the foil, 

J^(r) » the measured saturation activity, 

X, T * the length end the diameter ef the source, 
and a • the radius ef the activation foil, 

this formula assumes a uniform distribution of the total strength 
of the neutron course ever the prelected area of the source on a plan* 
passing through ite centre and parallel to the face of the activation 
fell. 

*** Calculation aal MinlM > 

Using the eatanetten activities corrected for the finite eieee 
Of the source and the foil, by the etnatteha (38) and (33)* the fad 
end the 4th monents ef the activities and their natural logarithms. 
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lb®* la, r 2 A # (r), r^A^r), ln(r 2 A fl (r)) and ln(r*A a (r)) respectively mm. . 

calculated . &m plot® of la(A e (r)) and ln(r*A a (r)) against the radial 

distance r from the source are Shown in the Figures 6 and 7* Bro 
point at which, the cures of ln(r 2 A a (r)) against r becomes straight 
Is noted. The areas under the 2nd moment curve and the 4th augment 
curve from r » o to this point are calculated numerically using the 
trope soidal rule . 

Sinew the scattering cross-section of hydrogen Is constant from 
about 1 a? to about tO ksT and thereafter decreases rapidly with increasing 
energy, a fast neutron, emitted in an infinite hydrogenous medium with Its 
energy in the VeT-region undergoes its first collision after travelling 
a large distance from the point where It is emitted (the scattering 
mean free path is large). Since the neutron loses, on the average, a 
large fraction of ite energy in this collision (the average logarithmic 
energy decrement in a hydrogenous medium is high) , the second mean free 
path la much Shorter than the first, and the second collision occur® very 
near tbs sits «f the first collision, this process is repeated at a&X 
succeeding oollislone, the assn free path decreasing with each collision, 
with the result that the neutron travels ©my a short distance from *» 
point there it U first scattered. After the energy ef the neutron fails 
below 1© kef, tbs mean free path reaaino nearly constant, bat M>tt 
•nattering e rase - se etloa is lange : tut- .tbs ; nsutnomdoes not save mah 
farther at tbs loser energies.- Since neutrons slow down in a hydrogenous 
sedlwn in the vlsln&ty ef their first eallislsn, it follows that the 
slowing-down density is very nearly etna! te the first-colliaioa density 



i&leii in given fey the product of the unoo Hided flux and the macroeeople 
scattering cross-eeetion at the source energy. for a point isotropic 
steady monoenergetle source emitting S neutnona/eee at the energy 
in an infinite medium, q(r) is therefore given fey the equation 


%(**> 


sm^o ^ 

4 7T r 2 



®h® equation (40) fairly sell represents the slowing -down density only 
at large distance® from Hie neutron source because only those neutrons 
which have their first collision at large distances from the souses 


(some source-neutrons do have their first collision at small distances 
from the course) move before their first collision as far from the 
source as they arc ever going to go* A neutron which has its first 
collision very near the eouroe and clews down to the sv-reglcn in 
succeeding oollicicne near the course, contributes to tho Blowing-down 
densities at all points in tho vicinity of tho course, and house the 
slowing-down density at small distances from the source is net Just 
the firct-collicion density* - 


She areas under tho 2nd moment curve and tho 4th moment curve 
from Has point where the curve of la(r A^Cr^agsiast r ******* at sal#** 
to yimtn imlculatcd atelyttesllar nsing the stove fist tfest tet 
slowlmg-down dansity cr the neutron flux and banoe also thf saturation 
activity, at large distances from the source, is fairly well represented 
fey an equation of tha form 




(fe la negative) C*l) 


ft** equation (41 ) ean bo written as 


i*(* 2 \C*)) * la a ♦ ter (42) 

anft tee mo the plot of lafc^Cr)) against r Is a straight lino, 

the values of the constants a ant b axe determined by fitting 
a least-square straight line over the fairly straight portion of tbo 
plot of ln(* A 0 (r ) ) against r. Using r B for the distance at which 
the plot of la(r 2 J^Or)) against r becomes straight, the following 
results of integration are used* 

| 00 r\(r)*r - - i*‘ r « (4S) 

/igCrJto « - 3 a* 1 * (b 2 ^ 2 - tte^ * 2) (44) 

finally the total areas under the 2nd moment ourve and the 4th 
nonest ourve are found by adding the nunsrieal and the analytical perh, 
affi the neutron age Is oaloulated using the equation (24) * 

fhs ff^aj results of ssisulatlon in tbs parallel and perpend ic ul ar 
direetlens aye shown in lablos (§) and (11) respectively, dloa tte* 
respective intermediate xeeulte of oaleulation are shewn In the tables 
(4) and (»)* and (f) and (10)« 
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4*5 Analysis of jbai statistical Error 1 ? 


Da® to -to® fact that the basic piece®® of radioactive disintegration 
in statistical in nature, the number of counts observed in a certain 
period of tins fro* an activated foil is not exact but carries an error 
called etatietioal error. The statistical error in an observed txoaber 
of counts I is * JT* the following basic rules for error estimation 
mm wood. If two quantities a, and ^ carry the statistical errors 
+ r^ and £ r g respectively, then 


Error in 


/ 2 2 
'»1 4 *2 

t 

/ 2 

T 

pL < 


/ 2 

2 

v » 1 

®2 


- *1 

itti i l iin>iinMi,i || iL mum, m mmSe mmh JL* 

mWm 


®i Ai . i 

h JT Z 



(45) 


(44) 

itr 



Starting from the. atatisticol errors in the observed nuaber 
if counts, tbs statistical errors la *11 lbs V*®*!*!®# sslmlatiS *♦ 
intermediate steps in tbs ealoulatien of tbs nsutron «p« «*s sstJsbtst 
ttsing tbs basis rule# (45 M4?)* ttwOlr tbs ststlstisel srrsrs tft ** 

«... wto* tt* (W mM •**• •*» «* «* “■"* “* **"* ■ 

M mi^twx *«*• «* •»« •*" **• “*** to "*** " mmmmi. 

•nor .law «» •*■«**» • •**»*» *•««•“** V * 

m «•> * m*m mm ****** mm* •** •»» “* ui “ 


statistic®! error, ffe© statistical error ia the age value is t he n 
calculated using the rule (47), the errors in the age values la tbs 
parallel and perpendicular directions are shown in lbs fables (6) and 
(11) with tbs values themselves, 

4.4 Discussion of the tesults * 

Doing all necessary corrections -tbs neutron ages in Hie parallel 

and perpendicular directions are found to he 79.33 * 0,444 as 2 and 
2 

71*05 * 0*470 m respectively, though both experimental and thsorsticsl 
age values ef fission neutrons to Indiua resonance, parallel and parpens 
dioulsr to plates ia jluaiiiluaHsater slab lattice®, are available in tbe 
literature, values for the age of fu-§e neutrons to Indian resonance ia 
tbs parallel and perpendicular directions are net available up te 1969* 
fhe neutron age in Hie parallel direction is greater Hum that in tbe 
perpendicular direetlea. This ia so in Hie ease of available valuta 
for fission neutrons also!'* 12 Bits la due probably te the following 

m mmmuk m ^ 

#§* w 

Doing the eyehole x end y far tbe volume-fraetiena of 
Aluminium mA water reepectively in tbe. lattice, a neutron slewing ten 
in the perpendicular dlieetioa haa a fraction x of ite path through 
Aluminium and tbe fraetlex y through water. Also an average neutron 
slowing dawn in tbs psrallsl direotioa has e fraetion x if ite path 
through A lywinium and tbe fraction y through water einee out of all 
paths la the parallel direotioa, eeao (wheee number io proportional In 
tbe fraetion x ) are all the way through Aluminum end acne (whose 


natter i* proportional to the fraction y ) axe oil the way thr ou gh 
wot®r* So* wolunetrioaily speaking 9 a neutron on tin average has the 
Mmo fraction of it® path through Al uminium in both the directions* 

Sine# the neutron eg® in pure Aluminium la much greeter then tha t in 
pure water* the age-average macroscopic scattering oross-aeetion (which 
in assumed her® to he the basis of qualitative reasonings in setters of 
age) of Aluminium is smaller then that of water. Sue to thie e neutron 
slowing down in ths parallel direction has a comparatively smeller 
probability to be ceattered out of Aluminium if it is in Aluminium end 
a larger probability to be scattered out ef water if it is in water* 

She fractions of the path ef a neutron slowing down in the perpendicular 
direction remain unaffected by thie difference in scattering ©rose-section 
but an average neutron in the parallel direction has a fraction greater 
then x of ite path through Aluminium* and henec the age ho the parallel 
direction is greater than that in the perpendicular direction. 

finally these values ef neutron age are aatually flux ogee and 
net elnwing-deon density sges in their respective directions . This 
is due to the fast that the saturation activity is proportional to the 
neutron flu* (the equation (If)), and only if the Age Theory is aasu n dt 
At is proportional to the slowing -down density alee (the equation (tt))* 
Since the aodenetieg aedium is hsteregenecne* the elewing-down density 
As d i oo otttlnMpao at 011 Aluaintuawerater interfaces. Wing ths eqnittsn (ft 
with activation neasuxenentc MA* l» «•*•»# elewing-down densities at 
certain points in water eaily are known, iron these measured values «f . 
slowing-down density in water-layers , the values ef elewing-down density 



in Alxralniun-pletes era only roughly he estimated by satehis® «h® 
neutron fluxes In Aluminium and water at each interface, using 
eesiterimg orose-eeetion© of Aluminium and water averaged in a 
suitable way over Indium leeoranee energy region. Hence simply 
the flux moments have been used in calculating the neutron ages* 
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ATtEKMX 


Am^AW'BME SCAffSim OSOSS-6EOTIOI 


i 


According to the feral Age ffeeory •fee neutron age from as energy 
® 0 to a lower energy B in a homogenous aodezatiag median is given 

9ft 

tgr the equation 


X* Cb«— * B ) 


c sfeteg 

B 8 ^ ^Stt^ 


(48) 


Where D(8) a the energy^ependent diffusion coeffioient of the moderator 
and is in turn related to the seatterlni erose-eectioa lay 


the equation 


21 


»<•)“ JY^TWp) 


(*»)■ 


p m the average value of the cosine of the scattering angle 
in the laboratory ays tea. 

Being the equation (49) the neutron age ie expressed in 
of eenttering cross-seetion only end thus 


B) • 


9 ? (*-£> J 


V « 


*8 1*00 


(I®) 


ggw the Fei nt age -average scattering eroee-eeetion of a bmogemm 
moderator over * specified energy interval ie defined ae that constant 



10 


scattering ©roea-eection which if used in the equation (50) glees Hie 
correct (that 1®» the exp® xiaentslly treasured) value of neutron age 
in the aod© rater over the specified interval. 

ffeing the symbol ( for *ge*-averege value, the neutron 

age fro® E Q to B is written ®a 


T (*„-*■ i) 


33 (1-P) (I„)| 


'o is 
I 


(SI) 


Combining the equations (50 ) and (51 ) the age-avereg© scattering cross- 
section is written as 



( 3 *) 


Che age -average eoatterlng eroee-eection ie defiaed only *»r a 
h aaeg e nous node rating media® and ie different fir different energy 
intervals for the eesw moderator. 
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